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I n t r o d u c t i o n
The bombardment of beryllium by fast neutrons can lead, in addition to scattering of the neutrons, to at least two nuclear transmutations. If the interaction between the incident neutron and the 9Be nucleus is supposed to begin with the capture of the neutron and the formation of a 10Be nucleus in an excited state, the completion of the nuclear process depends on the manner in which the de-excitation of the excited 10Be nucleus takes place. This may occur (i) by re-emission of a neutron leaving the 9Be nucleus in its ground state (elastic scattering);
(ii) by re-emission of a neutron leaving the 9Be nucleus in an excited state (inelastic scattering);
(iii) by emission of a y-ray (simple capture of the incident neutron);
(iv) by emission of an a-particle in accordance with the reaction (Bjerge 1936) 9Be + % -> 10Be -> 6He + 4He -0-80 MeV;
(v) by emission of two neutrons in accordance with the reaction (Rusinov 1936) 9Be 4--> 10B e-> 8Be + 2 % -1-65 MeV.
Of these processes, the inelastic scattering is unlikely to be important owing to the small number of levels which are available in a light nucleus like 9Be for excitation by neutrons of energies less than 4 MeV. The simple capture process can be shown to be much less probable than elastic scattering (Bethe 1937a) . Reactions (1) and (2), according to accepted mass values (Mattauch 1942) , cannot take place until the neutron energy reaches the values T 04 and 1*88 MeV respectively, and would be expected to be rather improbable compared with elastic scattering for neutrons of energy less than 4 MeV. The most probable process is thus elastic scattering. I t should be noted th at in addition to this type of elastic scattering in which the compound nucleus 10Be is supposed to exist for a short time, there is another elastic scattering process (potential scattering) which may be considered as due to diffrac tion of neutrons by the 9Be nucleus, without formation of an intermediate 10Be (Amaldi, Bocciarelli, Cacciapuoti & Trabacchi 1946) . The potential scattering is independent of the internal structure of the nucleus and is determined solely by its effective radius, while the compound nucleus scattering will be affected by the presence of resonance levels. I t will be shown later th at these two types of scattering are of comparable magnitude in the interaction of fast neutrons with beryllium. I t follows from these considerations th at if a beam of fast neutrons is passed through a thickness x of beryllium the transmitted intensity I is given by
where 70 is the initial neutron intensity, n is the number of beryllium nuclei per unit volume and cr is the total cross-section, i.e. the cross-section for the removal neutrons from the beam by all processes, cr is almost exactly equal to the crosssection for elastic scattering. In § 2 an account is given of the application of this transmission method to a determination of the total cross-section at a number of different neutron energies in the range 0-35 to 4-0 MeV, and it is shown that the variation of cross-section with neutron energy exhibits broad resonance features.
Although the absolute cross-section for reaction (1) above its threshold is only about one-fiftieth of that for elastic scattering, it has been found possible to in vestigate this reaction by observation of the 6He radioactivity. This nucleus is a /^-emitter with maximum energy 3-5 MeV and half-life 0-86 sec., which is fairly convenient for measurement. Observations are described in § 3 which show that the variation of the cross-section of the ( n, a) reaction in the to 4-0 MeV is similar to that of the cross-section for elastic scattering.
Resonance phenomena of this type were first observed by Wilhelmy (1937) in the ( n ,a) transmutation of nitrogen and other elements. Using inhomogeneous neutrons he found th at the emission of a-particles from these elements took place with certain preferred energies. The interpretation of these experiments and of later work (Comparat 1944; Zagor & Valente 1945; Valente & Zagor 1946 ) is complicated by the possibility th at the group structure observed is partly due to excited states of the residual nucleus and partly to the possible presence of groups in the original neutrons. Recently, Barschall & B attat (1946) , using neutrons of known energy, found th a t the yield of the UN (n,p) 14C reaction plotted as a function of neutron energy exhibited definite resonance peaks. Similar phenomena in the scattering of fast neutrons have been found by a number of workers (Aoki 1939; Zinn, Seeley & Cohen 1939; MacPhail 1940; . No case has, however, yet been reported in which both elastic scattering of fast neutrons and neutron-induced transm utation have been shown to involve the same level of the compound nucleus; this is so in the interaction of fast neutrons with beryllium.
2 . M e a s u r e m e n t o f t o t a l c r o s s -s e c t i o n (a) Experimental procedure
The experimental arrangements adopted for the determination of the total crosssection of beryllium by the transmission method were similar to those used by other workers. A diagram of the arrangement is given in figure 1. Neutrons were obtained by bombarding targets of heavy phosphoric acid or carbon, mounted on a thin brass plate, with a magnetically resolved deuteron beam of about 50 pA at 930 keV. No other neutron sources of sufficient homogeneit available for this experiment. The bombarding voltage was kept fixed at 930 keV throughout the experiment, and in order to make use of neutrons of different energies, observations were made a t various angles with the deuteron beam. The targets were mounted a t the end of a glass tube about 1 m. long in order to reduce effects due to scattering of the neutrons by the resolving magnet.
The beryllium samples were cylinders 3-8 cm. in diameter and were placed at a horizontal distance of 27 cm. from the target. The beryllium was first studied in the form of a beryllium-aluminium alloy of composition 75-4 % Be to 24-6 % A 1, and separate determinations of the total cross-section for aluminium were made in order to correct for its presence in the alloy. Later, pure beryllium samples became available and separate determinations were made with these.
The neutrons transm itted through the beryllium sample were detected by means of an ionization chamber of diameter 2-5 cm. filled with 3 atm. of argon and 0-7 atm. of hydrogen placed at about 27 cm. from the beryllium on a line passing through the samples and the neutron source. This chamber, which will be described in detail elsewhere (Allen, unpublished), was used to count the number of recoil protons produced by neutrons entering the chamber. The pulses from the collecting electrode of the ionization chamber were amplified and fed through a discriminator with variable bias to a scale of 32 counting unit. The performance of this detecting system was reproducible over the entire duration of the experiment. A similar ionization chamber was kept in a fixed position near the target throughout the experiment to monitor the primary neutron intensity.
Both the beryllium samples and the ionization chamber (together with its first stage of amplification) were suspended from a rotatable arm which could pivot about a vertical axis passing through the neutron source. In this way the whole system could be moved in a horizontal plane containing the neutron source, and the axis of the system could be set at any angle between 0 and 150° with the deuteron beam. W ith the bombarding voltage used this change of angle corresponded to a variation of the mean energy of the neutrons passing through the beryllium sample and ionization chamber from 1*8 to 3-75 MeV in the case of the deuterium target and 0*35 to 0-55 MeV in the case of the carbon target. At each angle the alinement of the system with the neutron source was checked with the aid of a thin brass rod which fitted along the axis of a brass tube of diameter equal to th at of the samples and which replaced the samples for the purpose of this test.
A determination of the cross-section of beryllium at a particular neutron energy was made by determining the counting rate in the ionization chamber for various thicknesses of the scattering sample; for zero thickness the rate was usually about 3000 counts per minute. Simultaneous observations were taken with the monitor chamber in order to correct for variations in the strength of the neutron source. A correction was also made for background neutrons reaching the ionization chamber from sources other than the target, such as distant parts of the accelerating tube or resolving magnet, or by scattering from the floor, by observing the count when the beryllium sample was replaced by 30 cm. of paraffin wax of the same diameter. This correction varied with the position of the ionization chamber with respect to the target and increased considerably at the backward angles owing to the proximity of the resolving magnet to the chamber in this position, but was found to remain constant at a given angle and could be determined accurately; it was usually about 10 % of the total counting rate. The corrected counting rate was plotted logarith mically against thickness of absorber and the cross-section deduced from the slope of the line assuming the exponential relation (eqn. (3)). Figure 2 shows typical logarithmic plots obtained in this way. The whole procedure was repeated for a succession of angles between 0° and 150° for both deuterium and carbon targets and with beryllium, aluminium and alloy samples. The reproducibility of the results was tested by making frequent redeterminations of the cross-section at a given energy on different days; the probable error of the observed values of the cross-section was estimated in this way to be about 3 %.
In the measurements with D + D neutrons the discrimi monitor and detector ionization chamber was set high enough to avoid recording low-energy neutrons produced by carbon contamination of the target. In the work with C + D neutrons, special counts at high bias were made to estimate the effect on the observed cross-section of contamination by neutrons; the number of such neutrons was not usually greater than 5 % of the total flux from the carbon target. Thin deuterium targets were not used in this work, and the neutrons at any given angle therefore had a spread in energy due to penetration of the target by the deuteron beam. It can easily be shown th at if the neutron spectrum at any angle has a sharp cut-off at an energy E and a mean energy E, then if < cross-sections for monokinetic neutrons of energy E and for the neutron spectrum actually used, --
cr(E) = ^E) + (E-E)d B . (4)
This expression is only valid if the absorption of the inhomogeneous neutrons is exponential so th at a mean cross-section can be defined; the straight lines of figure 2 show that this is so. The relation (4) was used to deduce cross-sections for monokinetic neutrons from those actually observed with the neutrons from a thick deuterium target. The maximum correction made in this process was 6% in the case of beryllium and 10 % for aluminium.
A correction to the observed cross-sections should also be applied to account for the finite size of the scattering samples and the ionization chamber, which results in the scattering of some neutrons by the sample into the ionization chamber. This was estimated by application of the formula (Aoki 1939)
where T is the observed fraction of the neutrons transmitted through the sample, Tq is the fraction transm itted under ideal conditions, A is the area of the ionization chamber and r the distance from the centre of the source to the centre of the chamber. This formula is derived on the assumptions of spherical symmetry in the scattering and of the absence of multiple scattering. The correction was found to be less than 1 % under the geometrical conditions used and was therefore neglected, although it is possible th at with the neutron energies employed a small amount of multiple scattering may have taken place in the longer samples. with the alloy, corrected for the presence of the aluminium, are included with these results. There is a broad peak in the curve at a neutron energy of about 2-6 MeV, and it is possible th at there is another peak at about 0-55 MeV. The present measure ments do not cover sufficient range to establish this second peak, but the results of other workers Good & Scharff-Goldhaber 1941; Leipunski 1940) , which are also plotted in figure 3 , are in agreement with such a peak.
(ii) Aluminium. The experimental values for the total cross-section of aluminium are plotted against the mean neutron energy in figure 4. In figure 5 the curve was obtained from that of figure 4 by correcting for the spread of neutron energy by the method described in § 2 (a) and represents the results of the present work; the points plotted in figure 5 are those of Aoki (1939), Kikuchi & Aoki (1938 ), Zinn, Seeley & Cohen (1939 and MacPhail (1940) . The results of these workers have been corrected to the same $ -value for the D + D reaction, which is necessary in cal- culating the neutron energy; the value 3-23 ± 0-02MeV found recently (Livesey & Wilkinson, unpublished) was used throughout this work. Figure 5 shows th at the total cross-section of aluminium varies very rapidly with neutron energy, so th a t a small error in the angle at which the scattering system is alined with the deuteron beam will make a large change in the value of the crosssection. The values obtained were, however, found to be reproducible, and the rela tively low value of the probable error of each point is good evidence for the reality of the rapid change in cross-section. The results also agree well with those of other workers, and in addition to the well-known resonance at 2-4 MeV previously found by Aoki (1939) and ' MacPhail (1940) , there is another peak at about 2*9 MeV. The cross-section obtained with C + D neutrons was 3-85 barns* a t a neutron energy of 0*35 MeV and 3-55 barns a t 0-55 MeV.
M e a s u r e m e n t o f t h e c r o s s -s e c t i o n f o r t h e 9Be ( , a) 6He r e a c t i o n (a) Experimental procedure
A Geiger counter was constructed from a tube of beryllium-aluminium alloy of length 5*8 cm., internal diameter 1-34 cm. and external diameter 1-94 cm. Care was taken to make the glass sheaths at the ends of the counter wire as short as possible (0-3 cm.) consistent with proper operation, so th at practically all /?-particles emitted into the counter from the walls should be recorded. The counter was filled with a mixture of 6 cm. of argon and 1-5 cm. of alcohol and behaved well at the counting rates used despite the fact that the machining of the inner wall was not very good.
In the investigation of the 9Be ( n, a) 6He cross-section th by neutrons produced in the D + D reaction for a certain time, and the 6He activity in the walls of the counter was then observed after the deuteron beam had been interrupted by a shutter. During the neutron irradiation the counter voltage was switched off in order to prevent an extremely high counting rate. It was found convenient to initiate these operations by means of a mechanical switch, and the cycle of events finally used was (i) shutter in deuteron beam held open for 1-4 sec.; counter voltage off, (ii) shutter closed, (iii) counter voltage on 0-1 sec. after (ii), (iv) counter output applied to scaling unit 0T sec. after (iii) (the delay ensured th at the counter voltage had reached its proper value), (v) scaling unit switched off 2-2 sec. after (iv), (vi) counter voltage off 0T sec. after (v), (vii) shutter reopened 0T sec. after (vi). The initial counting rate was limited to about 10,000 per min. by placing the counter 30 cm. from the target. The energy of the incident neutrons was varied by altering the orientation of the counter with respect to the target as described in § 2 (a). The neutron flux was monitored by an ionization chamber.
The counts recorded during the counting period (iv) cannot all be attributed to 6He produced in the counter wall. Under the actual experimental conditions there was a background due to induced activities in surrounding objects and to direct effects of neutrons produced by the deuteron beam striking the closed shutter; it was found th at the latter effect could be reduced by placing absorbers between the shutter and the counter. There was no direct method of measuring the background, but an estimate was made by repeating the cycle of operations first without opening the shutter and secondly with the shutter opening as usual but with the resolving K. W. Allen, W. E. Burcham and D. H. Wilkinson magnet switched off, so th at the deuteron beam struck the bottom of the magnet box instead of the target. The two backgrounds thus observed differed only slightly, and the background observed with the shutter permanently closed was therefore adopted as the true value. The validity of this procedure was tested by determining the variation of the observed activity with distance of the counter from the target. The inverse square law was found to hold, as shown in figure 6 , and the fact th at this was so, even out to distances such th at the background effect was of the same order as the activity, is good evidence for the validity of the background correction. The correction used was always only a small fraction of the true counting rate, and was found at each angle at which measurements were made. Some activity in the counting period (iv) might be expected from the aluminium in the counter walls, which could lead to the formation of the elements 27Mg (10-2 min.) and 28A1 (2-4min.) by ( n , p) and ( reaction background made over an extended period of time following a prolonged neutron irradiation showed only a slight falling off with time, which would have been inappreciable over a cycle of operations. I t was therefore concluded th at the 28A1 activity was of negligible intensity, while the 27Mg activity is of long enough half-life to be accurately compensated for in the background determination.
As an additional overall check of the method the half-life of the activity in the counting period (iv) was determined by making experiments with different counting intervals (figure 7) and a value of 0-80 ± 0-06 sec. was obtained, in good agreement with previous work (Sommers & Sherr 1946) . An attem pt was also made to observe the 9Be (n, a) 6He reaction with neutrons produced by the C + D reaction, which with 930 keV deuterons yields neutrons of about 600 keV maximum energy at 0°. Difficulties were encountered owing to the inevitable contamination of the carbon target with deuterium and to the strong annihilation radiation from 13N. In order to estimate the activity due to neutrons the monitor ionization chamber was used at a high bias to determine the absolute value of the D + D flux, and correction for this was made using the absolute value of the ( n, a) cross-section at this energy. The annihilation radiation was alm completely eliminated by manually interposing a thick block of lead between the target and the counter just before the counting period; the residual long-period activity was eliminated by the background determination.
(b) Results
The activities determined in the manner described in § 3 (a) when corrected to the same neutron flux give the relative values of the 9B e(w ,a)6He cross-section for neutron energies between T8 and 4-0 MeV. This correction involves the use of the angular distribution of the D + D neutrons; this distribution has been accurately determined in a separate investigation (Allen, Livesey & Wilkinson, unpublished) .
In order to obtain absolute values of the cross-section it is necessary (i) to calculate the probability th a t a 6He nucleus produced in the counter wall would subsequently emit a /?-particle which could be detected, and (ii) to determine the actual neutron flux used. The former calculation was made by a method due to Feather (un published) ; it was assumed in this th at all /?-particles emitted into the counter volume actually discharged the counter. The neutron flux was estimated from the recoil counting rate in the monitor chamber by a method developed in this laboratory (Allen, unpublished). The cross-sections for monokinetic neutrons were derived from the observed cross-sections by the method described in § 2 (a).
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K. W. Allen, W. E. Burcham and H. Wilkinson The absolute cross-sections thus obtained are plotted in figure 8 , and it is seen th a t there is a broad maximum on a rising background at about the same energy as the resonance in the total cross-section. The result of the measurements with the C + D neutrons was th at th e , cross-section a t 600 keV is -0*0006 ± 0*0008 barn, and it may be safely concluded th a t the threshold for the 9Be (n, a) 6He reaction is either above 600 keV or very closely below.
The cross-section for the (n, a)reaction with Ra-Be neutro Bjerge (1938) to be about TO barn which is considerably higher than the present value of 0*05 barn at 4*0 MeV. I t is difficult to see how these two values can be reconciled, since the probability of the emission of an a-particle from the compound nucleus should not be much affected by the potential barrier for neutrons above about 4 MeV. Furthermore, Fiinfer & Bothe (1944) have shown th a t the crosssection for the ( n, 2 n)reaction is about three times th a t fo Ra-Be neutrons, so that the combined cross-section for these two processes alone would be about 4 bams if Bjerge's figure is correct. The measured values of the total cross-section with Ra-Be neutrons are 2*9 ± 0*5 (Fedorov & Perfilieva 1937 ) and 1*65 barns (Dunning, Pegram, Fink & Mitchell 1935) , while Amaldi et al. (1946 and private communication) found a total cross-section of 0*65 ± 0*04 bam at 14MeV. Since scattering would be expected to account for a large p art of the total crosssection even a t these high energies, the value for the ( , a) cross-section found by Bjerge appears to be incorrect.
Discussion
I t is clear from figures 3 and 8 th a t both the total cross-section for the interaction of fast neutrons with beryllium and the ( , a) transm utation cross-section exhibit a resonance a t an incident neutron energy of 2-6 MeV. This is evidence for the occurrence of an excited state in the intermediate nucleus 10Be a t an energy of 9*0 MeV above the ground state (using accepted mass values and correcting the observed resonance energy for the motion of the centre of mass). The presence of this excited state leads to resonant scattering of the incident neutrons; this is super imposed on a background of potential scattering due to the nuclear field, and inter ference between the resonant and potential scattering leads to a variation of the total cross-section with energy of the form shown in figure 3 . This type of inter ference has been discussed by Bethe (19376) . If it is assumed th at the break-up of the intermediate nucleus by a-particle emission is not in any way forbidden by selection rules, then since the variation of total cross-section represents essentially the probability of formation of the compound nucleus as a function of incident neutron energy, the ( n, a) excitation function will show similar reso The shape of the (n, a)curve is modified by a factor representing the pe of the barrier of the residual nucleus for the emitted a-particle. The cross-section for the (n,2n) process should also show a resonance for 2-6 MeV neutrons; this has not yet been investigated, although recent work by Houtermans (1946) suggests th at the cross-section for this process above its threshold is surprisingly large.
A quantitative discussion of the present results with beryllium is difficult for a number of reasons. The reduced de Broglie wave-length & of a 2-6 MeV neutron is 2-8 x 10~13 cm., while the effective radius R of the 9Be nucleus, according to a graph given by Sherr (1945) , is 4*2 x 10~13cm. Under these circumstances R) it is likely that part of the interaction between the incident neutrons and the 9Be nucleus must be described by P waves, with unit angular momentum, and it is not possible without further investigation to estimate the amount of this contribution. Further more, the spin of the 9Be nucleus is f (Rusinov & Sagaidak 1936; Rose & Bethe 1937; Kopfermann, private communication*) , and a given state of the compound 10Be nucleus can therefore be formed in more than one way, by combining the spins and orbital momentum different^ to give the same resultant. For this reason the method given by MacPhail (1940) in his discussion of the resonant scattering of fast neutrons by magnesium cannot be applied to the present results.
If, however, these considerations be disregarded, a first approximation to the resonance energy Er and the level width r r of the excited state in 10Be involved in the resonant scattering can be obtained by assuming th a t only S waves, with zero angular momentum, contribute to the interaction, and th at the level in question is well separated from neighbouring levels. If this is so the process is formally analogous to a slow neutron phenomenon (A^>R), and the Breit-W may be applied in the manner indicated by Bethe (1937c) . This leads to 2*01 MeV < Er< 2-13MeV and 0*74MeV < < 1-06 MeV, the inequalities being necessary because the ranges of neutron energies available in this experiment were not sufficient to determine the minimum value of the crosssection. The excited state is at an energy of 9-0 MeV above the ground state of the nucleus 10Be; it would be somewhat remarkable if no other levels contributed to the scattering a t this excitation. The simple calculation also predicts th a t the ratio of the maximum to minimum cross-section near resonance should be 1*7 or 2-35, according as the spin of the excited state of 10Be is 1 or 2; these figures are to be compared with the experimental result th a t this ratio is greater than 1-8. I t is also possible from this calculation to estimate th at the ratio of resonant to potential scattering at exact resonance is about 0-3. This assumes, however, th a t the potential scattering has the slow neutron value 4= 7tR2, which is a resonance energy of 2*6 MeV, since the elastic scattering cross-section in the region of very high neutron energies tends to a limit of 2. The ratio of resonant to potential scattering a t exact resonance is therefore probably greater than 0-3; this is consistent with the results shown in figure 3 .
The observed values of the total and ( n, a) cross the ratio of the probability of the emission of an a-partiele to the probability of emission of a neutron at this energy is 1/55; the low probability of a-particle emission is due to the potential barrier of the residual nucleus 6He. If it is assumed th at 30% of the total scattering is resonant, then the experimental results indicate a pene trability factor of 1/ 17; a rough estimate of the expected value from the height of the potential barrier gave a result of 1/60. Difficulties also arise in an attem pt to discuss the results obtained with aluminium. I t is clear from figure 5 th at the levels of the compound nucleus are much narrower and closer together than in the case of beryllium, and the assumption th a t they may be analyzed using the one level formula is even less likely to be valid. Furthermore, the ground state o f 27A1 also has a large spin ( §), so that, as MacPhail (1940) has already pointed out, the specification of the excited states o f 28A1 is complicated. Figure 5 shows, however, th at the two resonances are very similar in width and amplitude. They may thus be due to compound nuclei having the same orbital angular momen tum but differing by one unit in spin, corresponding to neutron capture with the two possible spin orientations. Such double resonances are known in 13C and in 5He (Staub & Tatel 1940) , and in the latter case they have been ex plained by this type of argument (Bloch 1940) .
